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A radially expandable and contraclible surgical stent 10 is 
provided formed from a shape memory material such as a 
Nickel-Titanium alloy. The stent 10 includes a series of 
wave-like struts 20 spaced apart by gaps 60. Each gap 60 is 
spanned by tie bars 70 at a maximum 64 width portion of the 
gap 60 or by an angled link 80 or a straight link 90 at a 
minimum 62 width portion of a gap 60. Hence, axial 
expansion or contraction of the stent 10 is avoided when the 
stent 10 is radially expanded or contracted. Each strut 20 is 
formed from a series of substantially linear legs 30 joined 
together by free bends 40 or attachment bends 50. The legs 
30 and bends 40, 50 can be provided with an enhanced 
thickness 36 to augment resistance of the stent 10 to fracture 
when radially expanded or contracted. The stent 10 can be 
radially contracted to a diameter less than one-fourth of its 
radially expanded configuration when in a martensite phase. 
The stent 10 returns to a shape memory austeoite phase 
when the stent 10 is unloaded or loaded below its yield 
strength and has a temperature above its transition tempera- 
ture. The stent 10 can thus be easily collapsed and implanted 
within a body lumen for later radial expansion to support the 
body lumen. 
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RADIALLY EXPANDABLE NON-AXIALLY One material for forming higher strength radially expand- 

CONTRACTING SURGICAL STENT able surgical stents is a shape memory Nickel-Titanium 

alloy. Shape memory Nickel -Titanium alloys and other 

CROSS-REFERENCE TO RELATED shape memory alloys are unique in that they have two 

APPLTCAnON 5 distinct solid phases. A high yield strength austenitc phase 

. /-Tfi> (195-690 MPa) and a lower yield strength martensitc phase 

Uis IS a ConUnuaUon a^^^ of U.S patent apph- (^0-140 MPa). The material can be selectively transformed 

caUon Ser. No, 08/939.703 fi cd Sep. 29, 1997, now U.S. u , ♦u * u j *u ^ ■* u u 

^aiawii ^vi. 1 ^. vo/^-j^.fv/-. lu^u ^^y, x^^/, uwvr w.o. betwecu the austcHite phase and the martensite phase by 

t'al. [No. 0,U AOUO. altering a temperature of the shape memory Nickel-Titanium 

FIELD OF THE INVENTION ^^°^* instance, it is known to form the Nickel-Titanium 

alloy so that the stent is in the martensite phase when chilled 

The following invention relates to surgical stents of a to a temperature below body temperature and to be in the 

generally cylindrical configuration which can be surgically austenite phase when the stent is at body temperature, 

implanted into a body lumen, such as an artery, and radially Additionally, when such shape memory alloys are 

expanded. More specifically, this invention relates to radi- 15 stressed beyond their yield strength while in the martensite 

ally expandable surgical stents having a high radial strength phase, not to exceed certain maximum amounts of strain, the 

for implantation in body lumens which experience radial alloy has a "memory" of its shape before its yield strength 

loads. in the martensite phase was exceeded so that when the alloy 

is heated and transformed into its austenite phase it returns 

BACKGROUND OF THE INVENTION 20 to the shape it exhibited before it was plastically deformed 

Surgical stents have long been known which can be ^ martensite phase. In radially expandable surgical 
surgically implanted into a body lumen, such as an artery, to ^If ^ ^ ^as been used to collapse the stent 
reinforce, support, repair or otherwise enhance the perfor- ^ ^^^"^^^f ^° martensite phase and then 
mance of the lumen. For instance, in cardiovascular surgery ^^^^ ^^^^^ J^^^ temperature and transform the stent 
it is often desirable to place a stent in the coronary artery at mto its austenite phase where it radially expands back to its 
a location where the artery is damaged or is susceptible to ^^f expanded diameter and exhibits a desired strength 
collapse. Hie stent, once in place, reinforces that portion of for supportmg waUs of the body lumen in which 1! 
the artery aUowing normal blood flow to occur through the implanted. Hence, the relatively high yield strength of the 
artery One form of stent which is particularly desirable for ^ ^*^^P^ "^^^°/y ^"^^ austenite phase provides 
implantation in arteries and other body lumens is a cylin- be^ffi cial characterisUcs for supporting the body lumen 
drical stent which can be radially expanded horn a first whfie the martensite phase for the shape memory ^^^^ 
smaller diameter to a second larger diameter. Such radially ^ ^^]^/^ ^° ^^^"^ ^^fl ^^^^^^V contracted 
expandable stents can be inserted into the artery by being deformed during implantation of the stent, 
located on a catheter and fed internaUy through the arterial 3^ While such shape memory Nickel-Titanium aUoy stents 
pathways ofthe patient until the unexpanded stent is located are generally effective, known shape memory Nickel- 
where desired. The catheter is fitted with a balloon or other Titanium stents have exhibited certain deficiencies. For 
expansion mechanism which exerts a radial pressure out- instance, when such prior art shape memory Nickel- 
ward on the stent causing the stent to expand radially to a Titanium stents are radially expanded they tend to contract 
larger diameter. Such expandable stents exhibit sufficient axially, enhancing the difBculty experienced by a surgeon in 
rigidity after being expanded that they will remain expanded precisely implanting the stent where desired. Additionally, 
after the catheter has been removed. the limited degree of collapsibility of known prior art shape 

Radially expandable stents come in a variety of different memory Nickel-Titanium stente has enhanced the difBculty 

configurations to provide optimal performance to various «^ implantaUon in many body lumens. Accordmgly, a 

different particular circumstances. For instance, the patents 45 "^^^.^^^'"^ ^*^^f '"^^'^^y Nickel-Titanium alloy stents 

to Lau (U.S. Pat. Nos. 5,514,154, 5,421,955, and 5,242,399), ^^^"^ configuration which beneficially overcomes 

Baracci (U.S. Pat, No. 5,531,741), Gaterud (U.S. Pat. No. ^.^ drawbacks of known prior art shape memory Nickel- 

5,522,882), Gianturco (U.S. Pat. Nos. 5,507,771 and 5,314, Titanium alloy stents. 

TllZ'^^f m'tv ^"ml' SUMMARY OF TOE INVENTION 

5,494,029), Maeda (U.S. Pat. No. 5,507,767), Mann (U.S. 50 

Pat. No. 5,443,477), Khosravi (U.S. Pat. No. 5,441,515), This invention provides a radially expandable stent 

lessen (U.S. Pat. No. 5,425,739), Hickle (U.S. Pat. No. formed of shape memory Nickel-Titanium alloy which 

5,139,480), Schatz (U.S. Pat. No. 5,195,984), Fordenbacher exhibits litQe or no contraction along an entire axial length 

(U.S. Pat. No. 5,549.662) and Wiktor (U.S. Pat. No. 5,133, thereof when the stent is expanded radially. The stent 

732), each include some form of radially expandable stent 55 includes a series of struts which act as circumferential 

for implantation into a body lumen. segments circumscribing the cylindrical contour of the stent. 

Each of these prior art stents suffer from a variety of Each strut is aligned with a separate plane perpendicular to 

drawbacks which make them less than ideal. For instance, a central axis of the cylindrical contour of the stent and 

many of these stents are formed from stainless steel or other parallel to other planes to which adjacent struts are aligned, 

materials which have a relatively low yield strength. Hence, so The stent can have various different numbers of struts joined 

if the body lumen is subjected to radial loads and related together to form the stent. However, at least two end struts 

radial stresses, the stents are susceptible to collapse or other are provided including a firont end strut and a rear end stmt 

permanent deformation in an undesirable manner. If such which define ends of the cylindrical contour of the stent, 

stents are provided with segments of greater thickness to Intermediate struts are also typically provided between the 

enhance their strength, they become too thick to be effec- 65 two end struts. 

lively collapsed for insertion and later expansion within the Each of these struts exhibits a wave-like shape as they 

body lumen. circumscribe the cylindrical contour of the stent. Thus, each 
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Stmt has a scries of bends which have troughs and crests the Nickel-Titanium alloy causes the stent to expand radially 

alternating along the length of each strut. Substantially to the desired radially expanded configuration. To ensure 

linear legs extend between each bend. Each trough defines proper radial expansion of the stent from its collapsed 

a portion of the strut which is most distant from adjacent configuration to its expanded configuration, a sleeve can be 

struts and each crest defines a portion of the strut closest to 5 placed over an outer surface of the stent until the stent is in 

adjacent struts. An amplitude of each strut, defined by the the desired position and a balloon can be located within an 

distance between the bottom of each trough and the top of interior of the stent which can be radially expanded to assist 

each crest is modified when the stent is radially expanded so the stent in fully expanding to its radially expanded shape 

that die amplitude is decreased. memory configuration. The relatively high yield strength 

The end struts are attached to adjacent intermediate struts lO elastic austcnite phase Nickel-Titanium stent is then in place 

by tie bars which act as axial segments connecting the two within the body lumen to support the body lumen while 

adjacent struts together. Tie bars can also connect adjacent resisting deformation when receiving radial loads, 
intermediate struts to each other. Each tie bar attaches to the 

struts adjacent thereto through a first end of the Ue bar and OBJECTS OF THE INVENTION 
a second end of the tie bar. Both the first end and the second 15 Accordingly, a primary object of the present invention is 
end are located within troughs of the stmts. Thus, the tie bars to provide a radially expandable and contractible Nickel- 
span a gap between adjacent stmts at a maximum width Titanium shape memory stent which does not contract 
portion of the gap. Not all of the gaps are necessarily axially when expanded radially. 

spanned by tie bar axial elements. Rather, separate intenne- ^^^^^ ^^-^^^ ^^^^^ .^^^^^^^ ^ ^^.^^ ^ 

diate circumferential segments can be attached to each other 20 ^ ^^^^^ ^^^^ ^^^^.^ ^.^^^^ ^^^^ contracUon at 

through hnks which connect to the intermediate segments at .^j, j^ereof when expanded radially, 

locations spaced away from the troughs thereof. . u , . , , ... 

„ , . „ . . , f Another object of the present invention is to provide a 

To further enhance the col apsibihty and expandability of ^j,^, ^hi^ ,^(,ibits sufBcient flexibility to allow a central 

the stent as well as an overall strength of the stent the legs ^ ,h,„of ^ bend, especially when the stent is being 

of the stmts preferably do not have a constant thickness. ^ .^^^j^^ through arterial pathways within a patient. 

Rather, ends of each leg adjacent bends m the stmts prcf- * ^ ^ . - . 

erably have a greater thickness than a middle of each leg ''^^^''^ .^^ present invention is to provide a 

between the ends of each leg. Also, the bends in the stmts Nickel-Titaiiium surgical stent which is formed from a series 

preferably have a greater width between an imier radius on stmts which form circumferential segments circuinscrib- 

a trough side of each bend and an outer radius on a crest side ^ a cylmdrical contour of the stent, the individual stmts 

of each bend. This enhanced width of the bends and ^^'^ ^^^^^ ^"""^^ ^g"^^"»« 

enhanced thickness of the legs near the ends provides restraining the stmts from contractmg together when 

maximum strength for the stmts at locations on the stmts expanded radially. 

where stresses are concentrated and fracture of the stmts is Another object of the present invention is to provide a 

most likely. Hence, greater resistance to fracture of the stmts surgical stent which has a configuration which lends itself to 

of the stent is provided. manufacture from a variety of techniques including 

Because the legs are preferably substantially linear, the f'^^^^^^^^ photo-etchiog, laser cutting and other precision 

stent can be radially contracted until the adjacent legs of techmques. 

each stmt are substantially parallel to each other, potentially ^ Another object of the present invention is to provide a 

to the point where adjacent legs abut each other. surgical stent which has a configuration which exhibits the 

rj, f ,u u KT- 1 1 1--. • II . . strength necessary to support a body lumen when implanted 

To form the shape memory Nickcl-Titanium alloy stent .u • j j ■ « ^ j 

r 11 . . , ' L r 11 J T •/ n therein and radially expanded, 

the following basic procedure can be followed. Initially, a * r . • • 

cylindrical tube of the desired Nickel-Titanium aUoy is ^^^^^ ^^'J^^^ P''^^"^ mvention is to provide a 

provided having a diameter intermediate between a desired 45 '"'^^''^^ stent which can be located within a body lumen by 

expanded configuration and a desired coUapsed configura- ^ ^ ^^^^^ «^ locational precision, 

tion. This cylindrical tube is cut until only the series of Another object of the present invention is to provide a 

circumferential segments and axial segments remain defin- Nickel-Titanium surgical stent which can be radially 

ing the generally cylindrical contour of the stent. The stent expanded to over four times its radially contracted diameter, 

is then forced onto a mandrel having a diameter matching a 50 ^^^^ substantially contract axially when radially 

desired radially expanded diameter until the stent has been expanded and which has sufficient flexibility to match a 

expanded to the desired radially expanded diameter. The flexibility of a guide wire of a stent positioning catheter 

stent is then heat treated at a temperature of at least 350*' C. utilized to position the stent. 

untiltheshapememoryof the stent in its austenite phase has Another object of the present invention is to provide a 
a diameter matching that of the mandrel and the transfer- 55 shape memory surgical stent which can be radially con- 
ma tion temperature is set as desired. For instance, a trans- traded when in a martensite phase for ease in implantation 
formation temperature of about 10* C. allows the stent to be within a body lumen and later radially expanded to a 
fully in its austenite phase at body temperatures. The stent "memorized" shape when the stent transitions into an aus- 
can then be removed from the mandrel. tenite phase. 

The stent can be cooled until it transforms into its mar- 60 Another object of the present invention is to provide a 

tensile phase. While in the martensite phase, the stent is surgical stent which exhibits a high yield strength (i.e. at 

radially collapsed down to its desired collapsed diameter least 195 MPa and up to 690 MPa) such that the stent resists 

configuration. When the stent is ready for implantation plastic deformation when radial collapsing loads are 

within a body lumen, the stent in its collapsed configuration encountered, such as impacts to the patient adjacent the body 

is inserted with a catheter to the desired implantation site. 65 lumen where the stent is implanted. 

The body temperature of the patient causes the stent to Another object of the present invention is to provide a 

transform into its austenite phase and the shape memory of surgical stent which can be implanted in body lumens on 
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extremities of a patient without substantial risk of collapse directed to a radially expandable and contractible surgical 

or other damage to the stent when blows arc experienced by stent formed from a shape memory material such as a 

the patient adjacent the site of surgical implantation of the Nickel-Titanium alloy. The stent 10 is cylindrical in contour 

stent. with a series of struts 20 (FIG. 3) forming circumferential 

Another object of the present invention is to provide a 5 segments of the stent 10 which exhibit a wave-like contour. 

Nickel-Titanium surgical stent which has a configuration The struts 20 can hence be collapsed to reduce a radius of the 

which allows the stent to be radially expanded from a stent 10 and expanded to increase a radius of the stent 10 

radially collapsed configuration to a radially expanded con- (along Arrow R of FIG. 1). An axial length, along arrow A, 

figuration up to four or more times the size of its collapsed remains constant when the stent 10 is radially collapsed and 

configuration without segments of the stent experiencing jq along arrow R. 

fractures. In essence, and with particular reference to FIGS. 1-6, the 

Other further objects of the present invention will become stent 10 has the following basic configuration. A series of 

apparent from a careful reading of the included description 20 having a wave-like contour with a series of troughs 

and claims and from a review of the drawing figures. and crests extend circumferentially, along arrow C, at a 

rtorcc nncoDTDxrnKT tuc no awtm^c 15 location of substantially constant radial disUnce away from 

BRIEF DESCRIPTION OF THE DRAWINGS ^ ^^^^^ ^ ^^^^ j^^^^^j between each pair of 

FIG. 1 is a perspective view of a Nickel-Titanium stent of adjacent struts 20. The struts 20 provide circumferential 

a basic configuration in a radially expanded configuration, segments for the stent 10. Axially extending segments in the 

FIG. 2 is a perspective view of the basic stent of FIG. 1 form of tic bars 70 and angled links 80 span the gaps 60 and 

in a radially collapsed configuration. 20 J^^^ adjacent struts 20 together. The tie bars 70 attach to 

FIG. 3 is a cylindrical projection of the basic stent of adjacent struts 20 at attachment bends 50 in the struts 20 and 

FIGS. 1 and 2. on a trough side 52 of the attachment bends 50. The angled 

FIG. 4 is an end view of that which is shown in HG. 1. links 80, or optionally the straight links 90 (FIG. 10) attach 

FIG. 5 is an end view of that which is shown in HG. 2. a^j^^^nt struts 20 at attachment bends 50 on a crest side 

FIG. 6 is a detail of a portion of that which is shown in 25 54 of the attachment bends 50. In this way, radial expansion, 

FIG. 3 with some of the struts shown therein featuring legs ^ ^"^^ ^ ^fl contraction of an axial length 

with variable thicknesses to enhance a strength of the struts. along arrow A, of the stent 10. Each gap 60 is either spanned 

_ . J . , . c J- c J- 11 only by tie bars 70 or spanned only by angled Imks 80 or 

FIG. 7 IS a cylmdncal projection of a pomon ot a radiaUy ^j^J J ^ Preferably, the gaps 60 With tie bats 70 

CO lapsed s^m similar to that which is shown in FIG. 1 but ^j,^^^^^^ ^j,^ 60 spanned by the angled links 80 

Without width enhancement adjacent bends in the struts. ^ * • i - i oa 

« ■ 1 . . . . r- ^ , t . . or straight links yo. 

FlG.Sisacylmdncalprojectionofaportionofthatw^ ^^^^.^j^^ 20 preferably is 

IS shown in FIG. 3 with said stent partially radially ^ .r . r u * *• n * - i 'ia / j 

, , f J J formed from a series of substantially straight legs 30 extend- 

^^^^A*. .. , . t . ■ r . ... . , ing between free bends 40 and attachment bends 50. The free 

• oV ^yli^^^i^^^^ projection of that which is shown ^ends 40 do not have any tie bars 70, angled links 80 or 

m FIG. 8 after Mi radial expansion of the stent. ^^^^-^^^ ^^^^^^^ ^^^^^^^ attachment bends 50 

FIG. 10 is a detail of a portion of that which is shown in h^vc cither a tic bar 70, angled link 80 or straight link 90 

FIG. 3 except that certain axial segments are configured as attached thereto. A thickness 36 of the legs 30 can be 

straight links. enhanced adjacent ends 32 of the legs 30 and a width 46 of 

FIG. 11 is a top plan view of a series of steps involved in the free bends 40 and a width 56 of the attachment bends 50 

the process of forcing a stent, such as that which is shown can be enhanced with respect to a thickness of the middle 34 

in FIGS. 1-5, onto a mandrel for enhancing a radial diameter of the legs 30, such that regions of potential fracture of the 

of the stent. struts 20 arc strengthened. 

FIG. 12 is a top plan view of a heat applying step involved Because the stent 10 is formed from a shape memory 

in altering a shape memory for the stent shown therein. 45 Nickel-Titanium material the stent 10* has a radially 

FIG. 13 is a front elevation view of a series of steps expanded configuration (FIG. 1) when the stent 10' is in a 

involved in radially collapsing the stent from the radially position corresponding to its shape memory and when the 

expanded configuration to the radially collapsed configura- stent 10* is in an austenite phase. The stent 10 can be cooled 

tion while the stent is cooled below a transformation tem- below a transition temperature to undergo a phase change 

perature and in a martensite phase. 50 into a martensite phase and then be radially collapsed to its 

FIG. 14 is a top plan view of the stent of FIGS. 1-5 within radially collapsed configuration (FIG. 2) without losing its 

a surgical implantation apparatus with portions of the appa- shape memory. Hence, when the stent 10' is heated above its 

ratus cut away to reveal interior details thereof. transition temperature and converted back into its austenite 

FIG. 15 is a sectional view of a body lumen with the stent phase it tends to return back to its radially expanded con- 

of FIGS. 1-5 in the process of being implanted with the ss figuration (FIG. 1) and exhibits a higher yield strength 

implantation apparatus of FIG. 14. corresponding to its austenite phase. 

FIG. 16 is a sectional view similar to that which is shown More specifically, and with particular reference to FIGS, 

in FIG. 15 revealing an intermediate step in the implantation 3 and 6, details of the configuration of the struts 20 of the 

of the stent of FIGS. 1-5. stent 10 are provided. Each strut 20 is preferably similar in 

FIG. 17 is a sectional view of a body lumen after the stent ^o size and shape to all of the other stmts 20 of the stent 10. The 

of HGS. 1-5 has been successfully implanted and radially struts 20 are integrally formed with other portions of the 

expanded within the body lumen. ^^^^ }^ * sh»P« memory material, such as a Nickel- 
Titanium alloy, having the desired characteristics for surgi- 

DESCRIPTION OF THE PREFERRED ^al implantation into a body lumen. Specifically, known 

EMBODIMENT Nickel-Titanium alloys have an austenite phase with a high 

Referring to the drawings wherein like reference numerals yield strength (195-690 MPa) and a martensite phase with 

represent like parts throughout, reference numeral 10 is a lower yield strength (70-140 MPa) with the material 



08/21/2002, EAST Version: 1.03.0002 



us 6,299,635 Bl 



8 



haviag a shape memory which causes the stent to return to 
its memorized austenite phase shape when the temperature 
of the stent is above a transition temperature between the 
marlensite phase and the austenite phase. The transition 
temperature is selected to be below typical body temperature 
so that the stent 10 can be easily contracted when cooled 
below the transition temperature but will be in its austenite 
phase once implanted and at body temperature. 

Each strut 20 extends as a circumferential segment, along 
arrow C (FIGS. 1 and 3-5), and has a wave-like pattern as 
the strut 20 circumscribes the cylindrical contour of the stent 
10. The wave-like contour of the stent 20 is preferably 
uniform such that the strut 20 has a unifonn amplitude 22 
(FIG. 6) and a uniform wavelength 24. This amplitude 22 
and wavelength 24 are altered when a diameter of the stent 
10 is modified. 

Each strut 20 is preferably formed from a series of 
substantially linear legs 30. While the legs 30 are substan- 
tially linear, they may in fact curve slightly to match the 
cylindrical contour of the stent 10. The legs 30 have ends 32 
where each leg 30 is attached to adjacent free bends 40 or 
attachment bends 50. Each leg 30 also has a middle 34 
halfway between each of the ends 32. Each leg 30 has a 
thickness 36 which is measured in a direction substantially 
perpendicular to a direction that the leg 30 extends between 
the ends 32, 

In one form of this invention the struts 20 are formed from 
legs 30 which have a uniform thickness 36 (FIG. 3). In a 
preferred form of this invention, however, the struts 20 
feature legs 30' (FIG. 6) which have a thickness 36* which 
is variable. Specifically, the middle 34' of the legs 30' has a 
lesser thickness 36' than do the ends 32' of the legs 30'. When 
the struts 20 are radially expanded (along Arrow R of FIGS. 
1, 4 and 5) little stress is experienced by the legs 30 of the 
struts 20 at the middle 34. In contrast, the ends 32 have a 
greater amount of stress because of the location of the 
adjacent free bends 40 and attachment bends 50. By enhanc- 
ing the thickness 36' of the legs 30' so that the ends 32' have 
a greater thickness 36' than the middle 34' of the legs 30', the ^ 
legs 30' are less susceptible to fracture resulting from the 
stress concentrations near the ends 32'. 

Each leg 30 preferably has a similar length to other legs 
30 throughout the stmt 20 and throughout the stent 10, The 
greater the length of the legs 30, the greater the amount of 45 
radial expansion possible by the stent 10. However, if the 
legs 30 are too long than they will cause struts 20 to abut 
adjacent struts 20 when radially collapsed (as shown in 
FIGS. 1 and 7) and prevent complete radial contraction of 
the stent 10. Hence, the legs 30 preferably have a length 
substantially equal to one-half of the distance between 
adjacent struts 20 (measured trough to trough) to prevent 
abutting of the legs 30 of adjacent struts 20, 

The free bends 40 are distinct from the attachment bends 
50 in that the free bends 40 join two adjacent legs 30 
together only, without any axial segments adjacent thereto 
connecting to adjacent struts 20. The attachment bends 50, 
in contrast, join two adjacent legs 30 together and also attach 
to either a tie bar 70, an angled link 80 or a straight link 90 
(FIG. 10) which spans an adjacent gap 60 and attaches to an 
adjacent strut 20. The firee bends 40 include an inner radius 
42 on an inside of the bend 40 and defining a trough and an 
outer radius 44 on an outside of the bend 40 and defining a 
crest. 

The width 46 of the free bend 40 is defined as a distance 
between the inner radius 42 and the outer radius 44. The 
inner radius 42 and outer radius 44 are rounded sufiBcienlly 
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to minimize stress concentrations adjacent the free bends 40 
so that the free bends 40 do not provide a preferred location 
for fracture of the struts 20 of the stent 10. Additionally, an 
as shown in FIG. 6, some free bends 40' can be provided 
with an enhanced width 46, especially when such firee bends 
40' are joining adjacent legs 30' having ends 32' of enhanced 
thickness 36'. With the width 46 provided with an enhanced 
size, the ability of the free bends 40' of the strut 20 to resist 
fi-acturc is enhanced. Alternatively, the free bends 40 can be 
provided with a width 46 substantially matching the thick- 
ness 36 of the legs 30. 

The attachment bends 50 include a trough side 42 on an 
inside of each attachment bend 50 and a crest side 54 on an 
outer side of each attachment bend 50. A width 56 is defined 
as a distance between the trough side 52 and the crest side 
54. As with the free bends 40, the attachment bends 50 can 
be provided with an enhanced width 56 which is greater than 
the width 46 of the legs 30 to enhance a strength of the struts 
20 at the attachment bends 50. Alternatively, the attachment 
bends 50 can have a width 56 which matches a thickness 36 
of the legs 30 (as shown in FIGS. 2). 

In FIG. 6, some of the struts 20 (at a right side of FIG. 6) 
exhibit attachment bends 50' which do not exhibit an 
enhanced width 56 but rather which narrow to a width less 
than the thickness 36 of the legs 30 adjacent to the attach- 
ment bend 50'. Hence, a width 56 between a trough side 52' 
and a crest side 54' is reduced. Such an arrangement for the 
attachment bend 50' provides another alternative arrange- 
ment for configuration of the attachment bends 50 within the 
struts 20. 

As shown in FIG. 7, the struts 20 can be radially collapsed 
to an extent where the legs 30 of the struts 20 are substan- 
tially parallel to each other and oriented axially, along arrow 
A. If the legs 30 are provided with enhanced thickness 36' 
adjacent the ends 32' (as shown in FIG. 6), clearance exists 
for such enhanced thickness 36' within the leg 30 pattern 
displayed in FIG. 7. This is partially because such thickness 
36' enhancement adjacent the end 32' only occurs on a side 
of the legs 30' which transition into the outer radius 44 or 
crest side 54 and not the inner radius 42 or trough side 52. 
Hence, enhancing a thickness of the legs 30, at least a 
limited amount, does not restrict an ability of the struts 20 
to radially collapse along with radial collapse of the stent 10. 

Preferably, the stent 10 is chilled below a transition 
temperature such that the stent 10 is in a martensite phase 
when radially collapsed as shown in FIG. 7. An austenite 
phase for the stent 10 can either be provided as shown in 
FIG. 8 by reference numeral 10' or with a greater amount of 
radial expansion as shown in FIG. 9 by reference numeral 
10". Even though the stent 10 shown in FIG, 7 is radially 
collapsed and in a martensite phase, it has a shape memory 
corresponding to the stent 10' of FIG. 8 or the stent 10" of 
FIG. 9, depending on the configuration and shape memory 
provided to the stent 10. 

Radial expansion of the stent 10 by a factor of over four 
times can be achieved in certain circumstances. For instance, 
stents with a circumference of 0.1256 inches can be radial 
expanded to have a circumferential length of 0.6189 inches 
and stents having a circumferential length of 0.1995 inches 
can be radially expanded to up to 0.8645 inches in circum- 
ferential length. 

With continuing reference to FIGS. 3 and 6-10, details of 
the gaps 60 and axial segments such as tie bars 70, angled 
finks 80 and straight links 90 arc described. Preferably, each 
strut 20 is spaced from adjacent struts 20 by a gap 60. Each 
gap 60 does not have a constant width but rather has a width 
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which oscillates between minimums 62 and maximums 64, The stent 10 is preferably then treated to modify its shape 
Each minimum 62 is defined as an axial distance between memory. Specifically, the stent 10 is placed onto a mandrel 
aligned crest sides 54 of attachment bends 50 or aligned M (FIG. U) by moving the stent 10 axially over a taper T 
outer radii 44 of free beads 40 of adjacent stmts 20. Each on the mandrel M with sufficient force that the stent 10' in 
maximum 64 is defined as an axial distance between axially 5 radially expanded configuration is entirely upon the mandrel 
aligned trough sides 52 of attachment bends 50 or inner radii M. The mandrel M is provided with a diameter which 
42 of free bends 40 of adjacent struts 20. Each gap 60 either matches a desired diameter for the radially expanded con- 
has axial segments in the form of tie bars 70 attaching struts figuration of the stent 10'. Once upon the mandrel M, the 
20 adjacent the gap 60 together or has angled links 80 or stent 10' still has a shape memory corresponding to its 
straight links 90 spanning the gap 60 and joining adjacent diameter before it was placed upon the mandrel M. If the 
struts 20 together. In gaps 60 which feature tie bars 70, the stent 10 were removed from the mandrel M, this shape 
tie bars 70 join to attachment bends 50 of adjacent struts 20 memory would cause the stent 10 to return to its original 
at trough sides 52 of each attachment bend 50. Each tie bar diameter. To enhance the ease with which the stent 10 is 
70 includes a first end 72 attached to the trough side 52 of placed upon the mandrel M, the stent 10 can be cooled to 
one of the attachment bends 50 of one of the stents 20 and below a transition temperature so that the stent 10 is in a 
a second end 74 attached to a trough side 52 of an attachment martensite phase with a lower yield strength, 
bend 50 of the other strut 20. To alter the shape memory of the stent 10', the stent 10' 

Gaps 60 wliich feature angled links 80 or straight links 90 with mandrel M preferably still adjacent the stent 10' is 

spanning said gaps 60 and attach to adjacent struts 20 at crest subjected to heat treatment from a heat source H until the 

sides 54 of attachment bends 50 of adjacent struts 20. Each 20 stent 10' has its temperature elevated up to at least 300" C. 

angled link 80 includes a first arm 82 and a second arm 84 Preferably, the stent 10' has its temperature elevated up to a 

attached together by an elbow 86. The first arm 82 attaches range of between 500° C. and 800** C. The stent 10' is 

to the crest side 54 of the attachment bend 50 of one of the beneficially held at this elevated temperature for an amount 

struts 20 and the second arm 84 of the angled link 80 of time necessary for the stent 10' to have its shape memory 

attaches to the crest side 54 of the attachment bend 50 of the 25 "erased" and to take on a new shape memory corresponding 

other strut 20 on the other side of the gap 60. to the diameter of the mandrel M. The stent 10' can then be 

Similarly, the straight link 90 (FIG. 10) includes a first tip cooled and removed from the mandrel M. Once removed 

92 attached to a crest side 54 of an attachment bend 50 of from the mandrel M, the stent 10' now has its shape memory 

one of the struts 20 adjacent the gap 60 and a second tip 94 corresponding to the diameter of the mandrel M and hence 

attached to the crest side 54 of the attachment bend 50 of the 30 will not contract back to its original shape. The shape 

other stmt 20 on an opposite side of the gap 60. The angled memory for the stent 10' is now configured as desired, 

links 80 and straight links 90 essentially span the gap 60 at With respect to FIGS. 15-17, details in the steps involved 

a minimum 62 in the gap 60. In contrast, the tie bars 70 span in radially collapsing the stent 10' down to a collapsed stent 

the gap 60 at maximums 64 of the gap 60. Hence, when the 10 for implantation within a body lumen is described, 

struts 20 are radially expanded and their amplitude 22 is 35 Initially, the stent 10' is cooled such as by placing the stent 

reduced and their wavelength 24 is increased, an average 10' within a liquid coolant L (FIG. 13). The stent 10' 

width of gaps 60 spanned by the tie bars 70 is increased transitions into a martensite phase where it can be easily 

slightly and an average width of the gap 60 spanned by the manipulated such as by radially collapsing the stent 10' by 

angled hnks 80 or straight links 90 is decreased slightly. A forcing the stent 10' through a reduction die R while at the 

net result is that an overall axial length of the stent 10 40 reduced temperature and in the martensite phase. The hquid 

between a front end 12 and a rear end 14 (FIG. 3) remains L within the enclosure E must have a temperature below a 

constant regardless of the radial configuration of the stent transition temperature which causes the stent 10 to change 

10. The angled links 80 arc configured to allow the first arm from its austenitc phase to its martensite phase. Once the 

82 and second arm 84 to flex somewhat about the elbow 86 stent 10 has been radially collapsed to its reduced diameter 

to provide a degree of flexibility to the stent 10. When the 45 configuration (see also FIG. 7) the stent 10 now has a 

stent 10 is collapsed and being inserted into a body lumen diameter which facilitates more convenient location within 

(FIG. 7) angled links 80 are desirable to provide enhanced a body lumen. The stent 10 maintains its shape memory 

flexibility to the stent 10. corresponding to the diameter of the mandrel M when the 

While FIGS. 1-10 show the angled links 80 and straight stent 10' was radially expanded onto the mandrel M and 

links 90 oflfect circuraferentially with respect to locations of 50 experienced its heat treatment. 

the tie bar 70, an acceptable alternative arrangement is to The stent 10 is then placed upon a balloon catheter B with 
have the angled links 80 or straight links 90 axially aligned a catheter probe P extending from one end thereof and with 
along a common line with the tic bars 70. a sleeve S overlying the stent 10 (FIG. 14). Preferably, the 
With particular reference to FIGS. 11 and 12, details of the balloon catheter B is coupled to a compressed gas source G 
formation of the stent 10 are disclosed. Initially, the stent 10 S5 through a valve B and the sleeve S is attached to a sleeve 
is in the form of a solid cylindrical tube of the appropriate retraction device D. Preferably, the stent 10 remains at a 
shape memory material, such as a Nickel-Titanium alloy. temperature below its transition temperature and in a mar- 
Preferably, a diameter of this original tube of material is tensile phase for as long as possible before implantation into 
intermediate between a desired collapsed configuration the body lumen. The assembly of stent 10, balloon catheter 
diameter and a desired expanded configuration diameter. 60 B and sleeve S are then passed together through the desired 
The tube is then processed, such as by laser cutting, to body lumen pathways until the assembly is located at the 
remove material where it is not needed such that the tube is position where implantation of the stent 10 is desired, 
reduced to the stent 10 having the series of wave- like struts The sleeve retraction device D is utilized to remove the 
20 circumferenlially surrounding the cylindrical contour of sleeve S from the stent 10 (FIG. 15). Once the sleeve S has 
the stent 10 and a series of axial segments such as tie bars 65 been removed, gas from the compressed gas source G is 
70, angled links 80 or straight links 90 (FIGS. 1-10) joining passed through the valve V and into the balloon catheter B, 
the adjacent struts 20 together causing the balloon catheter B to expand and causing the 
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Stent 10 to radially expand into the radially expanded stent 
10'. The stent 10' will then be in physical contact with an 
inner surface I of the lumen wall W. The shape memory of 
the stent 10' may cause the stent 10' to expand radially 
without requiring inflation of the balloon catheter B. 5 
However, expansion of the balloon catheter B assists the 
stent 10' in effectively converting to its shape memory 
diameter adjacent the lumen wall W. The balloon catheter B 
can then be removed and the stent 10' remains within the 
lumen adjacent the inner surface I of the lumen wall W. 

Because the stent 10 has its transition temperature below 
normal body temperature, the stent 10 will be in its auslenite 
phase and have enhanced yield strength. Hence, radial forces 
such as blows to the patient adjacent where the stent 10' has 
been implanted can be resiliently received by the stent 10' 
without permanent deformation of the stent 10'. A stronger 
and more elastic support results with the shape memory 
Nickel-Titanium stent 10' than is provided by stents of other 
non-shape memory materials. 

Moreover, having thus described the invention is should 
be apparent that various modifications to this invention 20 
could be resorted to without departing from the scope of this 
invention. This detailed description of the preferred embodi- 
ments of this invention is provided to enable one skilled in 
the art to practice this invention and to disclose a best mode 
for practicing this invention but is not intended to limit in 25 
any way the scope of the claims to this invention. 

What is claimed is; 

1. A radially expandable non-axially contracting surgical 
stent comprising: 

a generally cylindrical contour; 30 
a plurality of circumferential segments and axially 

extending segments of a shape memory nickel-titanium 

alloy; 

at least two of said circumferential segments each extend- 
ing in a substantially circumferential direction around 
said cylindrical contour of said stent; 

said at least two circumferential segments each including 
a series of wave-like bends therein, each said bend 
including a trough and a crest, said trough defining a ^ 
portion of said bend where said bend is more distant 
from an adjacent circumferential segment than other 
portions of said bend, said crest defining a portion of 
said bend where said bend is closer to an adjacent 
circumferential segment than other portions of said 
bend; 

said at least two circumferential segments oriented adja- 
cent each other with a first gap located between said at 
least two circumferential segments; 

said first gap having at least one axially extending seg- jq 
ment spanning said first gap and linking said at least 
two circumferential segments together, said axially 
extending segment linking said at least two circumfer- 
ential segments at locations on said at least two cir- 
cumferential segments in which troughs thereof are 55 
longitudinally aligned; and 

wherein said at least one axially extending segment and 
said trough locations linked by said at least one axially 
extending segment are substantially coplanar after said 
stent is expanded radially. 50 

2. The sent of claim 1 wherein said axially extending 
segment spanning said first gap maintains its length. 

3. The stent of claim 1 wherein said axially extending 
segment spans said first gap and links to said circumferential 
segments substantially at troughs in said circumferential 
segments. 



,635 Bl 

12 

4. The stent of claim 3 wherein each said circumferential 
segment is spaced from adjacent circumferential segments 
by gaps such that a number of gaps equals a number of 
circimiferential segments minus one, said gaps including 
odd numbered gaps and even numbered gaps with each said 
odd numbered gap having at least one axially extending 
segment attached to adjacent said circumferential segments 
at troughs in said circumferential segments and each said 
even numbered gap having at least one axially extending 
segment attached to adjacent said circumferential segments 
at said crests in circumferential segments. 

5. The stent of claim 1 wherein said circumferential 
segments include a plurality of substantially linear legs 
extending between each bend in said circumferential seg- 
ments. 

6. The stent of claim 5 wherein said legs have a length 
which is substantially equal to one-half of a distance axially 
between troughs in adjacent ones of said circumferential 
segments. 

7. The stent of claim 1 wherein said at least three of said 
circumferential segments extend in a substantially circum- 
ferential direction around said cylindrical contour of said 
stent and define a gap between each pair of adjacent cir- 
cumferential segments, each said gap having at least one 
axially extending segment spanning said gap and linking the 
adjacent circumferential segments together, and further 
wherein said axially extending segment spanning said first 
gap is circumferentially offset with respect to axially extend- 
ing segments in adjacent of said gaps. 

8. The stent of claim 1 wherein at least three of said 
circumferential segments extend in a substantially circum- 
ferential direction around said cylindrical contour of said 
stent and define a gap between each pair of adjacent cir- 
cumferential segments, each said gap having at least one 
axially extending segment spanning said gap and linking the 
adjacent circumferential segments together, and further 
wherein said axially extending segment spanning said first 
gap is axially aligned with an axially extending segment 
spanning adjacent of said gaps. 

9. The stent of claim 1 wherein at least three of said 
circumferential segments extend in a substantially circum- 
ferential direction around said cylindrical contour of said 
stent and define a gap between each pair of adjacent cir- 
cumferential segments, each said gap having at least one 
axially extending segment spanning said gap linking the 
adjacent circumferential segments together, and further 
wherein said axially extending segment spanning at least 
one gap other than said first gap links to said circumferential 
segments at crests in said circumferential segments. 

10. The stent of claim 9 wherein each said circumferential 
segments is spaced from adjacent circumferential segments 
by gaps such that a number of gaps equals a number of 
circumferential segments minus one, said gaps including 
odd numbered gaps and even numbered gaps with each said 
odd numbered gap having at least one axially extending 
segment attached to adjacent said circumferential segments 
at troughs in said circumferential segments and each said 
even numbered gap having at least one axially extending 
segment attached to adjacent said circumferential segments 
at crests in said circumferential segments. 

* >^ * * * 
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